


Institutional Archive of the Naval Postgraduate School 





Calhoun: The NPS Institutional Archive 
DSpace Repository 


Theses and Dissertations 1. Thesis and Dissertation Collection, all items 


1991-12 


Investigation of deep dielectric charging and 
Subsequent currents on geosynchronous spacecraft 


Smith, Donald S. 


Monterey, California. Naval Postgraduate School 
http://ndl.handle.net/10945/26600 


This publication is a work of the U.S. Government as defined in Title 17, United 
States Code, Section 101. Copyright protection is not available for this work in the 
United States. 


Downloaded from NPS Archive: Calhoun 


Calhoun is the Naval Postgraduate School's public access digital repository for 
(8 DUDLEY research materials and institutional publications created by the NPS community. 
«ist sae Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS'‘s first 


INN KNOX appointed — and published -- scholarly author. 

| LIBRARY Dudley Knox Library / Naval Postgraduate School 

411 Dyer Road / 1 University Circle 
Monterey, California USA 93943 





http://www.nps.edu/library 











































































































































































































4 > v Oe Le at aoe Yak a) ae Viate 
. ve : ’ ae ' Cet bee seg os tage 
i . 1. ares let Ta I a e ee tee a, ma" eT or fe "nee 
: .* 1 arewee 8% htt oe Id 2 
a & : hye os ee vite vac iv r Reet er 
. . ‘ ae rag . oy 
ae inal cS Botnet ua oS Se ee Ae an ", OO AE LO Le t nag ae 
: * ety, et ’ Ler ac} ‘ Pee re vs h, wae steed i war wear ik f aE . 
eet ye fee FD ‘ , ‘ Pe en ade t anes ok ae es im mit ee CAN tein ts pele Brdehyde haa ue ay he alah 
. > ae ’ ey ve ;! 6,9 en fi oni ihe 1 Hs hire aa Byers fh ibe: Wa ae 
1 ‘ tee ' ? 1A apm weds ay ens yin ot ret ae Ric ate A 
o ' Sapa fans aby TWtete, Alase eae, 
« ‘ 7 hp bb oe ‘ ‘ iG 
= . . > 1 or Rive ' 
Cal far ' oF 1 . las rat 
’ ’ an ‘ 1 bee 1 ots g ' 7 tees 
Ce a Ay . rT ‘ Peony aby at! Ld 
. : . 1 ; eis penn glen. eee Bae ys 
. eet Of ahs tan ewe Se a F ered aes he a, acted nest 
’ ; i 2a m& + 78 Lie oe Se, o'et “we ‘ tanga | 
‘ , 7 hae gee » % rae boa 4 ter wee bee Rta ee be a etalk. by 
nn owe a Pee one aes re "lat rf vase vee feo at aa A arare ny ices Rat ie ra gar 
ms 7 7 a ats . inte s vas +8 ' We, absense Abe Bev h mh aah ae Pa as cata caeigete ich 4 
cag we . * “ Die ae a ” oe Pedsdeet ah S88. Be Syastae bbs Me 
+ ee Ce ena = Pe « ' a “sa 1 Rade aaa rata taie eae) W2ieae wa! . 
: te oo. © eaote pd gb tots ute , @ae ge “a one A Seite ae os 
Pay oes id Lee ’ oe e eat ‘ JSeoRere eater «& + i ts 
' ’ . rae . atha ' “1, 4 A 
. . ' eae 4 . Pa | er iu ,? dah 
, 8 alae ip ane. Gade Gelgee we oy Ane pe PLE ymca es rr sti 
+ 1 Fit Ta > to" puet ae ry Loe: so ee g Bee «oegnge 1 6 S H 
“a? ‘ ‘ . Pee eee oe ’ ’ : i PA ee as eragra : ates outers af ¥: ra ee sean 
, . oe . of ee 4 1 py fivetiat ts trated een 
od * ‘ , Ce ee) ee . 27g fg ott ae 9 © he met ty ane avlia ty 
oo) ect ao) . ee a Ta lave aaa co Hare eet cay Se rt) ngs bath aay Aang Sate 
‘ ray erase pad ‘ a) cae ' ¢ ' ’ at . “de o? he, 8 Nb re andy i AY iT ai oa 
, . ‘ tay 1 . oan tvefes ary bee tata se Sates Sad Hina aca pat 
, . wr eae Peat ‘ aeooe r Pn Wee Te ee We ceo 2 tf atk 6 PD Pver at Viored ab angel a Fa HY rH 
. ees ‘ ’ ot aig Bice: . Cre tee . ‘ as eft 6 t Ute! } tate PArewity er 
° ee . ’ oar) ' . uty . eon at} p s D 







Faity te a 4 


mat! 









Hp is 
ice 43) ait 




















































































’ as ‘ ’ et goa ‘ pee pee asate ss ee v4 
oe ‘ 1? eeu ! Dan t Poe hg we FO eg PR Eh wg tente 0 Fe ‘ oe eat rary bp? y : a aioe i 
. Ae ee rad 1 st gape a #8 Ue teas Deer A tai ’ tae a bod pd natalie ? a) URAL 4, Aa4, eters 
e het ee gees b tiere 8 yt 1s " ! is se ‘Hoe Vega ge ’ pail asite OA ae Heya As WE rn iA gle hain d 
hey sO %e e ’ ee" A ae Peary wr wee beta ee ee A ghee grees’ sigs 2 be Sapdane ted Ohiew Dr te ee sana, stead ’ ’ he ass 
' ' ‘o> Obes poe ues wie pagieeevurane 


Ney fini bee Cree VANBE 5s Cwcr pee he biWA. nese 


re 






























oa tue o4 cares a Ct db <9 ait iat Redoka ach ae ae a ere ee Pe Ene ee a ee 
a bean es wae, : ' 5 sf f boa tesa yr» ¥) ute, Tyeid A Metans eatial a Mabeathe Sane, ” retake ghebeagh ig ey aie ih aaa aides 
i . von pord : EES ae me ek cin PW iAey yin f Nibeth ots toad nt ist NO. agi Ae & needy ie agp ge ms tg beh Mate fi 
v x ‘ is tas 1 . ta uae ae ee : ” 4 soe ie 1 Ayt. reac dhe “4 Lrg sbi vo ID AY sags tbe : we ite i. § 
ca teen ce - . gue me] aes vb t ’ ay a ene ’ yh} ehnds Get ‘pitt g ‘Ratt, 2 









{ 

















































































are W 5 ee aD) oe he ee ew a8 aate w. $4 Sate rs eC a he 
o4 J ’ a Cr ee "¢ . 4 ee ae oat oo te eA eae oe ptt ew - 
‘ . tad ‘ rd ‘ ee ee bese bet ay ete tet . Ca he OU ok Poe ee J ECT, be bo dD ane ae eo ‘al 9 
Ce CV ire | o> Ve sber® eae tite gate ea ate bie ae WL Oke a TT le ok a] alas eT RM MLS AEP ere VEO VL 
. “ar Lean Yee etree Te MO Ser? Paya) cefe@el 4, eiGat aya he eT) 
‘ Tere Oey Pee eqvece testers Sy 4 Vee Seliasd ara tat das web Mba a: Vasidiathe: ait ateie 
’ wean dar UA bad 3g Arty paged AAO Rsd a eae ent by psat a A t pled rey. 
veo heh Peewee Catan est oad ay’ Sitat, Vihie oa, 0 ayn yt a8 





Saaehe ae ett sali NS 





evi alana ; 


Hate 


pate Vee 







































































































HOE tps y 
: H Vorb hay 
shea LC, sa akoas ated sai ae ai aaa 
a : peeta os ba Bar hal wa hehal Deri 
ee eo 6 uote + Mente (fan sasigs ‘if wits wae 
Aan ss ‘ te : ; n aaree aves oct ee ' asec oi it a tied aa nade sas Nes 
, ha oF Tne Th Botgt, oe fhen “ Av AS f Wea ce Agta lane i oY iota Aeutes 
aos’e tbe shee rt ee a aebes PG ye Ses nanyec tits 1 Hise aaa a Fa Bho’ 
. 4 Rec a WEEE We PCa LA fe) Vares's a e¥y: yhase Ra sa ea ees <4 
rs tal? or SR Ye n 


















risk 4.) 















ss Reyes ey 
4 4a $h 


he Loe A 
ise eit ie 
tae aes 









rar yar ss 
¥ Gta 
ve ee be vie % 
. ’ ‘ " 
WS Oe ee 





















i ty 


LAUWaeae ts 4.4 Ail 


























































































Artois | ree 2 sieht tae Prey pike ie Pack 
Peaesins tie, of os HAE Ay My a} be 4 seuss Meta 45 BS as 
eraeeae Ca CaN pie #Si ani at La mt hs 
Ce ee ' fat ‘ pas As teal ax 
Sto Of 8 te s soho x Q . we i 1 Vs * Tah, id es 
. oy thee Pet wae | wee eePrts ates aoa ev one eos bee Beye aa eye stele UJ i 
ee) IST GT I he ee ae Orne Srsadenres +90 «8 Gey volyes Aye Ye tH pe eh te Dmade wre fiyaet 
tog th le "ee pe bee tw oot ata ba i ees Td he Peevey gm oe fae chetaie ret rear space on Met 
* oe e | we 8 pw gt meus ‘ Vu tf. ‘ z . Ry Gaz 
woe rte ptate nee ’ Date ge beats = % “ete alge Reg a BX) rN 
aes bd ye 8 ™, Par te Pt ie ee Pe if a ots 
wos bet al 1’ r eevee . h te “ge = 
ae meet, 7 ’ ‘ te ni 
. +9 i ee a p bee 8 ‘ ry 
o # ef ’ af tte 4 ; 
Ce ee oe ey oY : RRA i 3 Aste 





wea 





Tee 





efefss 







Sout . vi. 
ae OFe aw ate 


© 4% ee of tae tea wang autores 
















Ma >) , 
Ee he gag 













i 

s 

; 

A i¢: 

rh Pa he 
i 

i 

‘ 
44 






















rs, 


"4 
aoe ds a 2 lags 


wie ‘ if 








#) 


ee 


» Rhee aan cette 


Eh a 


ae te) 





‘s 


tee res 


? 
we FONT 






Ali fs 
4 WS eu 


0,8 
ses wetgy 






ae oy 


pf ros ie 






14 
+ 
sans ag g.pr ge @ 


Fiohagree 
der 


















































ma ve © eyeeat Ot hes or 
Meet fate nee ee Fer fia * es 
aed yt ie e Chg @, pantee, Poe ‘. 
q F ot baa cs ; a oe ey ” ‘3 wy hae ang re” eae ah SAP DEED MMe f 
Cr er ee Ps ee Ee eer Te : Bae parreraty 
pee oe , oom ry aT Pa oe AS 
a , Fay freee bytes ry aye whe’ Oo. ae bys a #4C 



















ou 
Bet cr 
rsa geb i ut ¥ 
4; te} iy idie “tg a 
ahs wag : 










yf 3 
N° Car 















ary 
ess ae 
Mee ‘ f Perhes het gets ; 
Ch papa f Fed Lira ita oy ie fare ob asee what he ak pees CLR, 
BOER ce islgrane pea hag feo fie, Levee Tapet es ip EF , 
Rapa ea pte yp awe Shia fey one ee A ow etn ante ots? Ox git pa 
el ber el Oe ey a) OD Vietssy” bad a Meece wheres ct set wp 
a4 set one eeu egy 2 es wonbany oy 2 8h A Cpl eh ene ie Pty ar he 1 figletesp rel mlase + 
¥} ®, ¢ We sya ery s” 


ial hk a ai gics 







Tt ope a re 

iis aa ea al 
Put} tery reer 

i ate art igetees 
rae eit werhetery 





















oe = 
Missed 








ay php 


a vinyeces Au Aid 






















t's"e 
























¥, 
ee te Tat ote 
titi . Chie Senet uf pt 4 tite. 
wae 9 9 re FH g Tyee gag OW gr a os Wh 
tee ms Ph oaks rl Seis froth a eee sae 
oe Fore see PC tro sam ty BD ¥aaty 8 eye Pirie Meee Le | ay ang Wy ata oa ey 
oan ii ged s OES) iw oe ia Bip. Sa leoalerd acs alah, coivlen Mane ce versionteanisb: Samtke ors webahnte ae! 















ara) 
gs ‘ad ht ball {tt gt 
ep aki ates othe 


hed po 
iw rt ea Ta ees ota 
ote ry es nt « 














































ed 
i yiae-o-yte 



















ee ss Pe 8 * ’ ee Laie ce! | eek, BS ee ee es raprare= eee 
Seer ean tan ete oe . . fF RESCUE Baeteiets Ce Ae ateenit i ‘ ieee aah ‘ me esetees 
‘° Oar tw tega a cul Sh TA + Per epee eta Peat stat ree vt tO sed eeg retege 
eet rw eet pee t 1, F ye eres digg *elt ered 





7 ayn 


ws: Hay 

ee Ff Hate %, 

etek ts Phas 
LA beaks J ota a ewen” 


eatye ey ¥0°$°3° : Sis 


Pe 
Caran vencsccaputacderin wictatg ot 









Sioa 
5 it 






























¢ eee 
be i eg at Se page 


¥ 
PPryeres if 
ss Eset oy you ehe Le pt ema 





+ %, 
wae tp oe ly dep ov evo ueprocoas taetifstet 










* 
ey 






















































































2 oe ie ype coe er iteony fue aan ; i v Spretmtig pi pies pepe Lie Site See Spee Ata Seago atatrg: pte tc 
rt, , fe MF weet Oe ptt dom He hey! beh yp Ott, ty Papas bye ” Pema tics ewe ee eee ee aliess sol) MTR OP Rss Beane pe ad Se hada dail 
Hee) Pewee aa oe ’ . t eet wget Pir eee teres ais ‘ ee itis ‘ Teac 7. A tae rien Hate i aie in ” se fae wats at ate: J ee) Leth foeat ae icluppiwsery sags gente | Tatelet cd Sahl iat Sh Fata aor wt 5 
ca ae . tno owt Seow ne 1s Pe To Oye ee aymeets vy week 2 pers ots bee ye Rare rig gw tai et ate ight gs oe n't cs ° ables fot Pacha Ba Be 289 eh beled fat i cha wae wi hyfed Syaty 
' obo e' Fh et le ke wre ke re a RC ER OCH Aa ST 3 ¥ pe Pad 
. v8 oe ee Ce i) ee tre OP Fm ge oO Rw Mere b BTTIYTST fe mAd ee, Ee tee 2 pw TOR Ce ees ee esate fy ws 
‘ eave Ale, ’ nde Wek ont Be Ow oo plot ool ya the ah i pe eee 
$ + # Gantry , @ accphae utd ty S3ers7e rig ge 
? v7] pe iA is sah im pg say Senge @ Pl 


“gro 
Ae 


ct we yoyo oF ' 
rerio 4 




























































































Pe plecveavetnin Moe enarD CR eae or, 
eae orev eee emt Jae grag % 
ere tg oe Ce ie i her ey K 4. oy won soegtgigce ery bel ad’ lakh a 
Oe 2 ee) det pete gp eure soe at aa. 4 goss 
*oavoeths, oe ; . iy) pm nga e DP Pw os ree *et Aas yee net et 45) 948 aw eehere a) ate we ure an ence (fd dat oh i cae My 
Pe Ce 2 oe ed a ee eal) ‘ Fee oe Bathe ng ser eng te “gre tye te feat tp Fo pole woe ’ ’ a ety get ih re: ateeacae, mse aie tend rhs verte te fh eh es tl Rott Tp he tuieps dit nie Fs ary fy Hs \t <n 3 ike wre pt Ha Feeds 
on cr ee oe | my ‘ " Oe! oe ' . ‘Ah . eo . re ‘ goul rman) Sign hy tpt eo* ey Og tp ade peggy ee oe gue brace Ld a 4 
’ aie ee Ea Rear ar mR arent aad Nag a ey asec ela LC "nd pte Ceo a itp oo ZT MP Elrrer shyla: eer es a Mig of gts prey, engi The ' a gel fee sini meio g ob 


PN ON By Ag ssi! Spire woo osr'e ee rig ee pe The fon Pat 
¢ t ay ne . Pere tee aes ‘Pals ere avery 
Pr eee al 








ey SP ‘i are | aoe bios e espgla 
ogee sera @eeve of] ae Ge a aeoe Be YS hinge 
oe oe ae 





if Tangh Mahe uterus itp? 
3. tee ge ate ah yt ou * tty 
CJ 








ahs ae 














eee ue "See pam "i Fle pit in at amen)” fe, 
Hae eg VU he Es ere ee we ¥ edt giay 
Mo wep 





the 
bore arm an “ear gl an prety: mtg fe 
beae a meal i, ee nae The 











ane 
ne rar re arene acer e°e 














































saPeaeewe yy vue r) Heys tie apy ehy wth pera gs ih Hortan” "HE 
ar) ’, Leh gtyap one sat att) am epee vay Hee sae 7] Lic We *?ita Bie EAT IP aE NTI se! ey REET ET 
oe goer he re a) B weptyen Ure wae F de Osan ot OTe he ed # eg 











as 
“ ‘ ceed ef 
rr . * . 







: dhe oe tyre ately ig 
wb phat seat, re ie aes Po teat cate te seare & are Pee A! a eat ’ sed iad 
1 > pte Ap 4 whTMeTe mee a ee ater t. t ot ues 3H ache ya ae a 2 > phprehg ban". oy y ay WO wre gates bead Ra Par Aa MPs 
oe Fae are ae te wher yg LD i eae aio tant a Ga teen wey ae depieo platy ecg wterbes ‘st @ crete AAS i ft hes 
Py etna. ae of ie oe Sy oka owe ee siya deci sees aieeete! latara ian any sae g e ¢ hile ial dae od 
‘ Ga tae vases epee tah or, 2 Be uss Ba, Pat 
<é 7 


He 































bl 
eps 
on at 















. 
ee ys are uty 9 3 arom a9 
eefum., Ribbed Bia otcane hy erate oy oruly 
ons ee apay “4 7 . 4 he, ; f en aT) i j 
Oe PRE CeCe Cee DOC wate, rte itt’ VON ere th Oe oe Aue * a pire: PO ae Pei 5 ora sa tuierae eri a tonue ake beetaeprd. Pee kearaen tt) 
ss 1, ee oe yp &e ‘ Ce eh Sa ee eo ee "S wlasts +e OG: WRG Ue feat Ste rapa 
% 


4 he rie a ” 

iy ES Gare acute Le 

Ee Le at! mn 1" et ld sty 
‘BAG pre Ee, 


¢ 8 +“ 
* ney pope 




































vere e os ‘ers l 
Rs ci Bi nee salaraioreeny atgieceaaeten 
ta “9° | Pel a, 

; of rit ata Sar ore\ wre \wresgng sane 





any edi a Lg 
seg h 












Pipe eo FRAT ee be ee at OMe om Fp ate 


























































































































































































































































































oa bP . * » beg dig noe Sis veh Se o bep aw 5 * 
. eSy i a Fo be ute nto gy we swale rye Ue Me ite Rote Mee et Ae | § 
“mtats* p en gira rer Sirti eagle -b sida 
nti “yt 2 ue mises > terse, ' 
f a4 we x net init ‘ : Jale Sel oaa erecycere wletat=-y se! 
7 * i > 2 ee . ¥ x's ang prayers ry "@ pene te tea 
Ph pe Bon oD Baawre eh oe SD Mg Dray ae pees * 3 eceteoy ote aey ee a Secpen—ty Jere retysargrys are egy wongewes 
r . ‘ _ igey oe: ° sEee2y ere e: Utara eg iataee ay eereng 1 were y’s eres 
i 1 Regs * wees tur “We pata El he det) Sed et eke tk RO ow myn eesyes rere: 
ata eee ab va a at “yrdeh Ue a Be ee ye “shy ye ing aden Hee ia ¢ ee etb, etm eat ga” it hohe nde, 
br ew toe “ aro FO, Oye arate Gahete Show ete eee arg Ge aban abe we ee BaP Py Poerasa del (fa pias 
eh bya he UR A eal OH Soe Bt eC i YE | a RL 2 OD Be it ek Bere ge h a aeg Ger BEETS PO ER Fe Weta ed tad Me, 
ot »oeh se dseuge Ce ie Oe ee Pera As tO he ry Ye 2-a-v. 9! wee. te wats OF pin ia) be bd Sete ah be eB da) 
ee ar ee Ree Ls seg -D-ae'grge a areas dares oy oir ve 
7] * . > oe? e 9 0 gy ie oir it te ta any te 1 
: ; : ¢ iy vy hte Lm Co ou gees 
= tyeu! 1H A OTR?y be 
1. ae ay ‘ ' 6 V4 wewte ¥ a it rye : a gi tasw en eyes Syl fy Hn 
. a eat UJ Pie en er Pe a ee ee Wz awed sta ie) a wee vere 4 
rs, . : roa eye yk oe sate h Ota zy a Prot ett dett ttre he 
4 oe “pe? 3 es 4 ' ner # ae ae a i Bp 
Lid Saher amhe pues . + ae ae es cat | 4. ae anf wa i PELE ALE Pt a. ! Rai 
é . . rie it . ea yp ‘ae tip te Rs Pn LAT pA ' a 1 1, a te arb a ea 
‘ ' Po as ie " i ‘ woh fe sf Wet, bh ee deta sy oye wr iH nt CR aed e Yar whet a. h24°9- oD ty pegreee 
i : a Boe lsat 8 Ww ates UG ahd ‘eyape toa ’ fy Py wea qi Dy rte Ni pfeegigury 
pe oh F hs "es ws is f PELTON ret ti { as aah Cuepen ity 
« tee - a a . v> MGA OM a BiGhs. eer) Bt a Sige wg) «ope soatey ' . td rk, a Menges “.* hymen 
Sen eee i ane pine crete : 43a a et ee bs toh J 
. . Ca 1) pad - + Pare net a hee bate : Uahtyt at wee, ] ae 
’ #5 : eee or ere mr Oar eat eas ase yy ‘ini 3. jem rane Je meed ere org e ey . 
. o? .* » * ’ eo. . * aes f grynicm een amet gator 
me ' e Nae 4 ° or4 0 , 1 Pie ie n fanshop gh Athen PE eeu | patdpyey vast Au tg % ter athanh BELT Green 
> . . ' ot os « . oeme rater t ? OF Te 2 Hh syd Pat ge gw oe cheat § ihe b> fy ! é oe Seite 
. . * . * I a : “ ’ . ' Ve%s tae ae alto Puer ee wths a de aves tyler det at PEO Sel ace aan St a : 
° . - 8 ‘ er 2 t Bee Piet Saal bar #p.ktgae Mr Ty atete: ap gaa wiybesarabe ep phats w f Selah hod) 
2 eee . ad 8 om bP 4 8 ‘~~ ST oee a tn of it,” Lory ? % Pa ed as BY ' cone? Kft DA be 
° yo ay ' i z bo baste yr > 2h Bey 1? ab > 
shee bie Tt oatiren. ery . utopia @ } wow ity fog Not we oS Ae ay 
oe a epee ’ ct Pee Tamers te Pe FL rei ere AT Ter BOD ate CN ii! Pe ssare diity wes Me oe pha et Sees 
4, . i . “ er ‘ ue 1% eas ’ om, 4 oe el in 4 " fa & Us1se veh at ere Rane dab Garb rp ivinteimpr ata tee 
as ’ . oe Pyar he Gee ' Orne te ar ears on alert bales ie tau tad 404; aw dif au yo Peete Atys aot iv # Mego deg ter 
* en ss ronda bgwi tis Sig wie ob ene are} ere a LOO oe) + 
. Cie eee ’ “. 1 wa Or ye ced teat ates : 4 AE riilors eure aiearnaie 
- ue * ey Me Cae ie Ver a snr , 0} «CO i wien Li ee tas a Le ie t php Sade I fir fl 
‘ : 7 ete Gree este ee ane rere ‘e ’ eee yi Pee i) w ft cates? ku! bn oe 














NAVAL POSTGRADUATE SCHOOL 


Monterey, California 





THESIS 


INVESTIGATION OF DEEP DIELECTRIC CHARGING 
AND SUBSEQUENT CURRENTS 
N 


O 
GEOSYNCHRONOUS SPACECRAFT 
| ssc 


Donald S. Smith 
December, 1991 


Thesis Advisor: 





Approved for public release; distribution is unlimited 


1258625 





“7 . 
™ yf ip 7 iT 


°°? => 








SECURITY CLASSIFICATION OF THIS PAGE 


REPORT DOCUMENTATION PAGE 


ta REPORT SECURITY CLASSIFICATION 1b RESTRICTIVE MARKINGS | 
Unclassified | 


2a SECURITY CLASSIFICATION AUTHORITY /3 DISTRIBUTION/AVAILABILITY OF REPORT 


oo — = 


. —4 Approved for public release; distribution is unlimited. 
2b DECLASSIFICATION/DOWNGRADING SCHEDULE 








4 PERFORMING ORGANIZATION REPORT NUMBER(S) 5 MONITORING ORGANIZATION REPORT NUMBER(S) 


6b OFFICE SYMBOL 

(if applicable) 
Code 33 
, 6c. ADDRESS (City, State, and ZIP Code) 7b ADDRESS (City, State, and ZIP Code) 
1 Monterey, CA 93943-5000 Monterey, CA 93943-5000 


' 6a. NAME OF PERFORMING ORGANIZATION 
| Naval Postgraduate School 


7a. NAME OF MONITORING ORGANIZATION 
Naval Postgraduate School 


' Ba NAME OF FUNDING/SPONSORING 8b OFFICE SYMBOL 9 PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER 
ORGANIZATION (!f applicable) 





; 8c ADDRESS (City, State, and ZIP Code) 10 SOURCE OF FUNDING NUMBERS 


' Program Element No Project NO Task NO Work Unit Accession 
Number ' 








11 TITLE (Include Security Classification) 
INVESTIGATION OF DEEP DIELECTRIC CHARGING AND SUBSEQUENT CURRENTS ON GEOSYNCHRONOUS SPACECRAFT 


12 PERSONAL AUTHOR(S) Smith, Donald S. 


13a TYPE OF REPORI 13b TIME COVERED 14 DATE OF REPORT (year, month, day) 15 PAGE COUNT 
Master’s Thesis From December 1991 | 94 
16 SUPPLEMENTARY NOTATION 


The views expressed 1n this thesis are those of the author and do not reflect the official policy or position of the Department of Defense or the U.S. 
Government. 


17 COSATI CODES 


FIELD GROUP SUBGROUP 


19 ABSTRACT (continue on reverse if necessary and identify by block number) 


























18 SUBJECT TERMS (continue on reverse if necessary and identify by block number) 


Spacecraft Charging, Differential Charging, Surface Charging, Deep Dielectric Charging, 
Potential Barriers, ISEE 1,SCATHA 













Deep dielectric charging is the suspected mechanism for formation of potentia! barriers aboard the ISEE | spacecraft. Energetic electron 
distribution functions in the plasmasheet were examined for both surface and deep dielectric charging. Surface charging Was found Ww dependent 
on whether the satellite surfaces were in shadow. The surface potential is regulated by photoelectric emission, and is two orders of magnitude 
higher than other mechanisms. Deep dielectric charging deposits charge within dielectrics, and is independent of surface effects, such as 
pholwemission and radiation-induced conductivity. Deposition of electrons into solar array cover cells begins at approximately 10 keV. 


20 DISTRIBUTION/AVAILABILITY OF ABSTRACT 21 ABSTRACT SECURITY CLASSIFICATION 
BE] uncrassieepruneimiten 0D) same asrerort [J] oncusers Unclassified 
22a NAME OF RESPONSIBLE INDIVIDUAL 22b TELEPHONE (Include Area code) 22c. OFFICE SYMBOL 


DD FORM 1473, 84 MAR 83 APR edition may be used until exhausted SECURITY CLASSIFICATION OF THIS PAGE 
All other editions are obsolete UNCLASSIFIED 








Approved for public release; distribution is unlimited. 


Investigation of Deep Dielectric Charging 
and Subsequent Currents 
on 
Geosynchronous Spacecraft 


by 


Donald 8. Smith 
Captain, United States Marine Corps 
B.S., University of Utah, 1983 


Submitted in partial fulfillment 
of the requirements for the degree of 


MASTER OF SCIENCE IN PHYSICS 
from the 


NAVAL POSTG a SCHOOL 


Peep ER 1091 


ABSTRACT 


Deep dielectric charging is the suspected mechanism for 
formation of potential barriers aboard the ISEE Il 
spacecraft. Energetic electron distribution functions in 
the plasmasheet were examined for both surface and deep 
dielectric charging. Surface charging was found to be 
dependent on whether the satellite surfaces were in shadow. 
The surface potential is regulated by photoelectric 
emission, and is two orders of magnitude higher than other 
mechanisms. Deep dielectric charging deposits charge within 
dielectrics, and is independent of surface effects, such as 
photoemission and radiation-induced conductivity. 

Deposition of electrons into solar array cover cells begins 


at approximately 10 kev. 
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Lo INTRODUCTION 


This thesis will examine spacecraft charging and, in 
Particular, deep dielectric charging. Spacecraft charging 
1s an important consideration in operating satellites ina 
plasma environment. A build-up of charge on the surface and 
within dielectric materials is identified with abnormal 
system behavior. These anomalies have been linked with 
unexpected system resets, false signals, and even total 
satellite failure. 

Theoretical calculations of energetic electron fluxes 
will be compared to observed in-situ data, to determine if 
charged particles present have sufficient energy to cause 
deep dielectric charging. The particle energy level for 
which differential charging begins will also be 
investigated. 

fas wosequenme Chapters a the SEriceure and 
characteristics of the magnetosphere will be explored. 
Several different electron distribution functions are used 
to describe the ambient plasma and how it effects surface 
and deep dielectric charging of satellites. Radiation- 
induced conductivity can alter the characteristics of 
exposed dielectrics, which in turn, can effect the re- 


Gistribution of deposited charge. Contributions to the 


charging process by different mechanisms vary by several 
orders of magnitude. Comparisons will show which are 
important, and those that can be ignored. Finally, a 
correlation will be made between the calculated integral 


flux and data from geosynchronous satellite charging events. 


II. BACKGROUND 


A. Environment 

The earth is subject to a magnetized flow of plasma 
called the solar wind (Figure 1). Interruption of the solar 
wind flow around the earth, by the earth’s magnetic field 
forms a structure called the magnetosphere. Within the 


magnetosphere are several components which comprise its 
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Figure 1 
[Ref 1] 
infrastructure. The magnetopause separates the earth’s 


magnetic field from the solar wind. Inside the 


maqnetosphere is the plasmasheet. Inward of the plasmasheet 
is the plasmasphere. The plasmasphere exists as a non- 
uniform dipolar region, centered on the earth’s north-south 
as Ise 

Satellites pass through three main regions daily while 
in geosynchronous orbit. On the day side, from 1200 Comiaag@ 
local time (LT), the satellite is generally between the 
plasmasphere and the magnetosheath, in a region populated by 
the remnants of convected plasmasheet electrons, and ion and 
electron flows out of the ionosphere (re-filling). In this 
reqion, the spacecraft will transit a cool, dense plasma, 
and be continually in sunlight. At 1600 (LT) the satellite 
will move into the plasmapause, the region separating the 
plasmasphere from the plasmasheet, or on very quiet days, 
into the dusk bulge of the plasmasphere. The plasmasheet 
can inject energetic particles into this boundary regio 
raising the overall temperature of the plasma. By 2000 LT 
the spacecraft typically enters the plasmasheet, an area of 


energetic particles, and remains in this region until 0800 


ies The hot plasma encountered (several KeV) encourages 
vehicle charging. One of the results of the eharqmiaae. 
anomalies. Anomalies are erroneous satellite functions that 


are generated by the re-distribution of charge deposited by 
the plasma. These system upsets cause a wide range of 
electrical problems, including, in severe cases, satellite 


failure. Anomalies will be discussed in greater detail 


later in this section. By 0800 LT, the electron temperature 
has dropped, as the plasmasheet electrons drift sunward. 

The probability of satellite charging drops rapidly as the 
satellite moves into the day side. Table 1 summarizes the 


composition and characteristics of the magnetospheric 


TABLE 1 


sapere ined onan ingedneie Hime 


fomeamMome( hel Ue speeez-14 to 2-35, Ref 2, p. 3681 to, 3691, Ref 





eee eee ll pes Sl6tO6. 85]. 

The magnetosphere is populated with charged particles 
via diffusion/acceleration from the ionosphere and perhaps 
the solar wind. -At quiet times, the outer plasmasphere can 
move Out to include geosynchronous orbit [Ref 4, p-. 3587 to 
Sotl). During magnetic substorms, injections of 10 KeV to 
several Mev electrons from the plasmasheet are observed at 
geosynchronous altitude. It is thought the infusion of 
these energetic electrons is responsible for spacecraft 


Pireolag ner 5, Pp. 276 CO S08, Ref 6, p: 4-1 to 4-16]. 


Figure 2 summarizes the movement of the regions at 


geosynchronous altitude. 
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Figure 2 


RA. Spacecraft Charging 

Spacecraft charging is a phenomena observed when a 
Spacecraft interacts with any plasma. The result of this 
interaction is an accumulation of charge within the body of 
the satellite as well as a buildup on the surface. The 
accumulation of charge on a spacecraft appears in two 
distinct ways. Absolute charging is where the potential of 
the entire spacecraft changes with respect to the ambient 
plasma. The uniform change in potential, with respect to 


the plasma will not, in general, effect the onboard 


electronic systems. Differential charging is where 
daelectric surfaces of the spacecraft are charged to 
different potentials relative to each other. A significant 
result of differential charging is strong local electric 
fields on the surface and within the body of the satellite. 
These electric fields give rise to the possibility of 
damaging electrical discharges [Ref 1, p. 2-1 to 2-3]. 

1. Surface Charging 

Surface charging is the buildup of charge on the 
surface of a satellite from its interaction with the plasma 
environment. The phenomena of large negative potentials was 
first recognized in the early 1970's from data taken by the 
Applied Technology Satellite (ATS) 5 [Ref 7, p. 561 to 569]. 
Surface charging at geosynchronous orbit typically reaches 
several hundred volts negative in sunlight, and to more than 
-10* volts in eclipse. The potentials vary with the 
environment, on very short time scales (tT < 1 second) in 
Serrpse, longer in sunlight [Ref 8, p. 5657 to 5667, Ref 9, 
Eee 26S to 276). 

There have been historically many instances of 
Satellite charging. Deforest showed a correspondence 
between injections of energetic plasma from magnetic 
substorms and large negative potentials on Applied 
Technology Satellite (ATS) 5 when the spacecraft was in 


Pemapose ||Reit@e, p. 6S» to 659,75 Ref 4, ps 3587 to 3611). ATS 


5 was found to charge to potentials of -S"@ou=0we a 
eclipse, and later, ATS 6 was found to charge to similar 
potentials in eclipse. In Figure 3, the charging of Aloe 
in eclipse is illustrated. Electron and™ion counts at age 
keV are shown, along with the potential. The injection of 
hot plasma at approximately 21:23 UT is signalled by the 
increase in the 18.4 keV electron flux. The response of the 
satellite is to charge to approximately -6 kV in less than 
one minute. This illustrates the short time scale 
associated with charging of the satellite frame (The 


satellite capacitance to space is relatively small). 
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Figure 3 
[Ref 22] 


On 8 October, 1975, ATS 6 charged to a recordm@ae aaa 


potential, to 19 kV in eclipse [Ret 10, pp.) S620008 a 


ATS 5 and 6 both charged to negative potentials in 
sunlight. This was uncommon for ATS 5, but the satellite 
Geis ceach a potential of -400 V on one occasion [Ref,8, p. 
oer Omi lee LS, 6 reached —l5 kve([Ref 10, p. 362 to 
366}. Figure 4 shows that the time scale for sunlight 
charging is much longer than for charging in eclipse. Here 
the injection of hot plasma occurs at approximately 0800, 
but the satellite potential does not peak for almost an 
hour. The subsequent decline in potential is associated 


with the cooling of the ambient plasma. 


ATS-6 POTENTIAL: CHARGING IN SUNLIGHT 


SPACECRAFT 
POTENTIAL, 
V 





HOURS (UT) IN DAY 203 OF 1974 


Figure 4 
[Ref 22] 
Reasoner et al., did a statistical study of 40 days 


of ATS 6 charging in daylight. The study revealed that the 


probability of charging was over 50% during the local 


midnight to dawn sector as shown by Figure 5 [Ref 11, p. 89 


Comoe 





OO HOURS 1 1 


Figure 5 


Additionally, in a survey of high energy charging events on 
the near-geosynchronous P78-2 satellite (SCATHA), Mullen et 
al., found a statistical distribution for charging events 
that occurred between 1900 LT and 0900 LT. The charging 
occurred from 5.5 to 7.7 R,. “it Was alsomehe: meena 
spacecraft potentials correlate to electron fluxes 
with energies of 30 keV or more [Ref 12, p. 1474 to ul4eGe 
The International Sun” Barth Explorer 3 goer) ae 


spacecraft was built to electrostatic cleanliness 


10 


SPeecr fi catmons which itewas thougheswould prevent daylight 
charging. However, ISEE 1 did charge to significant 
negative potentials (~ -100 V) in sunlight while near 
meesynechronous orbit in Maren i97omjRef 13, p. 5568 to 
5578]. This charging event motivates the work done here. 
Figure 6 shows a charging event on 17 March, 1979 on board 
Pepe lt [Ret 13, p. 5568 to 5578). Note that the time scale 
1s over 4 hours. This is 4 to 5 times as long as the 


charging period that Figure 4 shows. 
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{Ref 13] 


Away from geosynchronous orbit, satellite charging 


occurred on the Defense Meteorological Satellite Program 


ite 


(DMSF) satellite while flying through auroral regions. 
Negative potentials from 50 V to 1.5 kV were observed while 
the satellite crossed high magnetic latitudes in low earth 
orbit (LEO) [Ref 14) smanuscripeie 
2. Differential Charging 

Differential Charging is the charging of a piece of 
a spacecraft relative to an adjacent section. Differential 
charging occurs, in general, because of variations in 
materials, shadowing of surfaces, and the deposition of 
charge into dielectrics. There are a variety of materials 
used for satellite surfaces, many Cf which watesner. 
conductors (dielectrics), such as kapton, teflon, and Qlacee 

Photons from the sun incident on a spacecraft cause 
electrons to be emitted from the surface, provided the 
energy of each photon is greater than the work function of 
the material. Because of this shadowing is important. The 
nature of such shadowing depends on satellite geometry and 
stabilization technique. The most popular techniques are 
three-axis and spin stabilization. In the latter case, the 
orientation of the spin axis relative to the sun-satellite 


lin] iS lamporeantz. 


eZ 


As previously mentioned, surface charging in eclipse 
can reach kilovolt potentials, while the satellite potential 
Piesullagnt 1s generally not as large [Ref 8, p. 5657 to 
moo 7 | . Shadowed dielectrics will behave as though they are 
in eclipse, and charge to much larger negative potentials 
than the satellite frame or illuminated dielectrics. A 
potential gradient of kV/cm across dielectrics can lead to 
arcs and electrical discharges if the accompanying electric 
fields exceed the dielectric breakdown strength [Ref 5, p. 
me CO 308). 


The effects of differential charging have been 


mro=rvedq. ATS 6 data revealed evidence of differential 
charging. Figure 7 shows an electron distribution observed 
by ATS 6. [Ref 15, p. 715 to 719]. This figure shows that 


electrons with energy below 50 eV must have been generated 
On or near the satellite surface. Hence, the photoelectrons 
and secondary electrons generated on the satellite surface 
were being reflected by some form of barrier, and were 
unable to escape the vehicle. Otherwise, astronomical 


values for the plasma density result. Olsen et al., 


aS. 


postulated the barrier was caused by differential charging 


vice electron space charge [Ref 16, p. 6809 to 6819]. 
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Differential charging of dielectrres seem bees 


directly measured with the satellite surface potential 


monitor (SSEFM) on the SCATHA satellite. Dielectric 


materials (kapton, 


teflon, $10,) were found to charge to 


14 


negative kilovolt potentials when shadowed as 


Hoogure 8. 
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Figure 8 


[Ref 18] 


shown in 


This differential charging occurred with a time 


constant of tens of seconds, 


as appropriate to the 


capacitance associated with the thin dielectrics. 


in contrast to the more rapid charging of the satellite as a 


whole (tT < 1 second), 


capacitance to space 


(Ref 18, 


which has a relatively lower 


ps 506 to s09): The 


This is 


differential charging is also responsible for the charging 


of the vehicle as a whole 


[Ref 17, p. 


Paateco 14-12). 


Modelling of daylight charging showed that the barrier 


ibs 


induced by differential charging allowed a net negative 


current to the sunlit surfaceee 


C. Anomalies 

The magnetosphere is often an unfriendly environment in 
which satellites must survive and operate. Spacecraft are 
subjected to high energy particle fluxes, and discharges 


resulting from surface and differential charging can produce 


(D 


lectromagqnetic pulses (EMP). These EMP can enter into the 
internal circuitry through unshielded cables, ungrounded 

components, and any external conduit that will transporte. 
Fourier spectra of the EMP. Additionally, very high energy 


particles can cause single event upsets (SEU) [Ref 1, p. 4- 


Satellite anomalies were attributed to charging 
following the realization in the mid-1970’s that large 
negative potentials could be found on satellites positioned 
at 6.6 earth radii. Figure 9 shows a "daistrabpuesonmes 
anomalies as a function of time of day for several 
geostationary spacecraft. This historical figure was 
promptly related to the charging distribution obtCainedetaem 
ATS 6 (see Figure 5) and a correspondence was suggested [Ref 
Ld jiPs WSs Se ore r a 

A variety of anomalies for several different satellites 


are tabulated in Reference 1. They include power-on resets, 


1S 


Pee sopin-up,  Lalse flags in software, Clock shifts, false 
or phantom commands, telemetry errors, power-downs, 
circuit noise, power system shutdowns, system upsets, and 
total satellite failures. The figure is a distribution of 
anomalies observed on several geosynchronous satellites. 
The times are local and the distance from the origin is 


solely to allow visual resolution of the events [Ref 1, p. 


ae tO 5-1 lee. 





Figure 9 


[Ref 11] 

Although there are many examples of anomalies in 
geosynchronous satellites, most are difficult to relate 
unambiguously to satellite charging as a cause. The most 
revealing case was with the SCATHA satellite on 22 


September, 1982, when differential charging, EMPs, and 


ee 


anomalies were found together as shown in Figure 10 [Ref 19, 
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The timing sequence of the antenna switch on the VLF Analyzer 
experiment during one time period when anomalous behavior occurred on 
September 22, 1982. 


Figure 10 


During a period of energetic electron flux and high 


surface potentials, the timing sequence of a switch in an 


18 


experimental package showed anomalous behavior. The arrows 
at the bottom of the figure show a flip in logic states 
coinciding with discharge events. 

An example from a completely different environment, the 
Jovian magnetosphere, provides an unusually clear 
demonstration of the relationship between anomalies and an 
environmental cause. A sequence of anomalies occurred when 


Voyager I passed Jupiter on 5 March, 1979, as seen in Figure 
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[Ref 20] 


Efater tO ande@durang thewfily—-by at 5 R,, a series of 


power-on resets (POR) plagued a critical photographic 


sequence. Figure 11 shows resets and the energetic electron 
flux. There is a clear correspondence [Ref 20, p. 21 to 
B10. 


ILS, 


Laboratory Simulation of the POR process identified 
unterminated spare leads in a cable bundle in which the POR 
cable co-existed. A portion of this cable exited the 
spacecraft body and was exposed to the plasma environment. 
Re-creation of the observed environment produced 25 mA 
current pulses capable of inducing the POR. Surface 
charging in a cold dense plasma was ruled out anda 
correspondence was established between the POR and the 10 
Mev 2 flux component measured by on-board instruments [Ref 
20, p: 2 tomes 

This example shows the importance of energetic 
electrons, the universality of spacecraft charging, and 
anomalies. It is also one of the prime examples of deep 
dielectric charging, which is the deposition of charge into 
dielectrics (like cable insulation) where the charge is 
trapped, accumulates, and ultimately is released as an EMP. 
Deep dielectric charging is the primary focus of this 
thesise 

Reagan et al., were among the first to discuss deep 
dielectric charging (Figure 12). They presented SCATHA data 
for days with large fluxes of high energy electrons (several 
Mev) and found a correspondence to charging. Energetic 
electrons incident on satellite surfaces can bury themselves 
either into dielectric materials or into floating metal 
(conductors not sconnectedsterthe spacecraft @seund) 


charge builds up within the satellite body, it may exceed 


2) 


Phe bmecak-downestrength of thesmatemmal and arc. The 
associated EMP may be sufficiently large to induce anomalous 
behavior in one or more of the satellite electronic 


components. 
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Figure 12 
[Ref 1] 
The deposition and buildup of charge in the dielectric 
were modelled and found in agreement with in situ 


measurements. Although peak electric field strength was 


Zk 


below material breakdown levels, rapid changes in these 
fields resulted in large EMP (Ref 21) 929954" sono 000 

Baker et al., have also looked at the consequences of 
high energy electron fluxes. Figure 13 shows a connection 
between high energy electrons at geosynchronous orbit 
(measured on 1982-019) and failure of a Geosynchronous Orbit 


Earth Satellite (GOES) 5 encoder lamp. 
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Figure 13 
[Ref 6] 
Another clear indication of the high energy electron 
flux-anomaly cause and effect relationship is shown in 


Figure 14. Over a period of two years, spacecraft 1979-053 


Ze 


experienced multiple malfunctions in its star tracker 
system, as indicated by arrows above 3 MeV fluxes. Notably, 
anomalies occurred only when the electron flux exceeded 
approximately 6 count rate units. After several days of 
erratic upsets, the anomalous behavior disappeared [Ref 6, 


p. 4-1 to 4-16). 
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D. Summary 


Surface and differential charging are common occurrences 
BpmoeOcsynchronous satellites. Deep dielectric charging can 
also occur in the presence of high energy electron fluxes. 
These mechanisms are important aspects of spacecraft 
operation and survivability. This thesis will build on the 
work done in previous examinations of spacecraft charging 


and extend it. 


ZS 


te .. THEORY OF CHARGING 


A. The Environmant 

Charging is the buildup of charge on the surface aug 
within the body of a spacecraft immersed in a plasma. The 
plasma environment considered here is the magnetosphere, 
particularly at geosynchronous orbit. The plasma at 
gecosynchronous orbit has it’s origins in the solar windeee 
the earth’s ionosphere. These sources of electrons and ions 
continually introduce energetic particles into the earth’s 


aeosynchronous altitude region where stationary satellites 


orbit. The energies of the particles vary from fractions of 
an eV to Mev. Magnetospheric storms and sub-storms inject 
hiah energy particles into this region. This is especially 


common from 2000 LT to 0900 Li when geosynehrenen. 
spacecraft transit the plasmasheet. 

The distribution function, or phase spacedensie 
characterizes a plasma. Equation (1) shows a Maxwellian 
distribution, as a Lunction of eae Veloaie, Cieen— 
particles. Such distributions are often used to deseuae 


the plasma observed at geosynchronous orbit. 


24 


The temperature, kT, 1s a measure of the average energy of 


D 


immedi Stri>bution, where k is Boltzmann’s constant, and T is 
the temperature in Kelvin. Electron volts (eV) are also 
commonly used units. The mass of the species is m, the 
velocity of the particles is v, and the density n. 

Flux, ox flow, denoted by J,, 1s equal to the product of 
the particle charge, density, and velocity. We will need to 


relate J to the currents and the particle detector 


measurements. The concept of flux can be further defined by 
mpmaeluding the originating direction of the particles. Then 
the equation Jj, = J,/4n defines a portion of the omni- 

See sctional flux arriving from a particular direction. This 


implies that the surface is always perpendicular to the 
Bmcacdent flux. In order to account for the flux from 
directions that are not normal to the surface, the equation 
must be inteaqrated over all angles from which particles are 
incident onto the surface, denoted by dA, where dA is an 
Sueward vector normal to the surface. The particle 
detectors used on spacecraft, typically electrostatic 


analyzers, are designed to measure a wide range of energies 


ae 


by sequentially sampling a specific energy range over a 
small angle of incidence. Consider one energy channel to be 
between and energy E and E + dE, along a solid angle, 
denoted by dQ, and over a time period from t to t + dt. 
These parameters will then define the flux of particles 
within a specified energy range, from a specific direction, 
at one location, over a distinct time interval incident onto 
a surface area of the satellite. The measurement in each 
energy channel gives differential energy flux j [Ref 3, p. 
36 to 37). Figure 15 illustrates the angles associated with 


differential flux measurements. 





Figure 15 


[Ref 3] 


Equation (2) expresses the differential flux. 
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(2) dN = 7 - dA dE dQdt 


The units of differential flux are # / (cm*’ s ster KeV). 
Lerner he caistribuciden tfunetron from the differential 
flux, consider non-relativistic particles in velocity space. 
The relationship between energy and velocity is given by the 
equation v’* = 2-E/m. Using this relationship, the number of 
particles ina solid angle dQ in the energy range dE can be 
expressed in a velocity space volume by v’ dv dQ. The 
number of particles in a unit volume of space is then given 
Syethe distribution function £ multiplied by the number of 
particles with velocity v in a time t incident on an area 
dA. Since this is the same as equation (2), the 
differential flux j is therefore related to the distribution 
pimecron £ by the equation j = f-v*/m [Ref 3, p. 36 to 38]. 
This thesis assumes that space is isotropic, that the 
distribution of particles does not have a preferred 
direction. By assuming an omni-directional flux, the 
distribution of particles can be characterized by a single 
Maxwellian, where particle velocities are independent of 
Orientation. This characterization of the particle 
distribution gives an accurate description of the plasma at 
lower energies. When the particle flux has a high See 
Semponent out on the tail of the distribution, other 


mathematical descriptions are used in conjunction with the 


cad 


Maxwellian. The higher energy particles used herein are 
characterized by an inverse power law. 

Further assumptions about the plasma are that it exists 
in a charge-balanced state. This concept of quasi- 
neutrality states that the overall charge of the plasma will 
be neutral. Additionally, the Debye length is large enough 
for statistical concepts to have meaning. This implies that 
collisions are rare and particle interaction can be 
neglected (Ret 37p.-22Zi1— 

From kinetic theory, the average energy of a species in 


an ensemble can be represented by 


where E,; 1s the average kinetic energy, v, is the average 
velocity, and T, is the temperature, all of the ith species 


[Ref 3, p. 27). This amie eeeaot 


a Vac 
(4) Vay evenie i” “am 


From equations (3) and (4), it can be seen that in an 
equi-temperature species, the electron velocity is at least 


43 times the ion velocity, by virtue of their light mass. 


Ze 


Therefore, for comparable temperature, the effects of ions 


can largely be ignored. 


B. Suxface Charging 

Spacecraft are constructed from conducting and 
insulating materials. Metal surfaces provide a ready 
pathway for incident charges to re-distribute themselves. 
Miemwlators or dielectrics, om the other hand, do not easily 
allow charges to move within or over them. As particles of 
varying energy hit the satellite surfaces, some strike 
conductors and move to establish equi-potential surfaces. 
Other particles collide with dielectrics and are fixed, thus 
Seeablashing electric fields over localized portions of the 
spacecraft surface. These electric fields are dynamic in 
nature, always trying to move the charge to positions of 
minimum energy. 

The distribution of charge and currents on the 
spacecraft surface at equilibrium will minimize the 
potential energy. This implies that any charge on the 
satellite surface will, if mobile, arrange itself, with 
respect to the plasma currents and surface potential, at 


minimum energy. 
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The balance of currents entering and leaving the surface 


of a satellite can be characterized by equation (5) 


—"s —_—> —> —" — 


) Te ambient *V energetie’ - seconaaey '— Bac eeeiiae aaa 


True ambient flux is all of the flux that surrounds the 
Spacecraft. Ambient current density is current/unit area 
that comes from the ambient flux. 

A distinction is made here regarding the ambient and 
energetic fluxes. Even though both come from the overall 
ambient flux, there is an artificial break point established 
at 40 keV. At this point, the description of the 
distribution function changes from a Maxwellian to an 
inverse power law. Therefore, it 1S easy to separate the 
two current densities in a similar way. 

The secondary current density comes from incident 
electrons that knock lose one or more electrons from the 
material surface. Electrons that are reflected from the 
surface are included in the backscatter term. Finally, the 
photoelectric term accounts for electron emission of bound 
electrons from the surface (photon energy > material work 
Funct 16m). 


Figure 16 shows how each of the current densities in 
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equation (5) contributes to the net current density at the 


spacecraft surface. 
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Figure 16 

[Ref 23] 
Equation (6) shows that the current density is 
proportional to both the electron density and the 


temperature. 


— > 


(6) J G 11 UA here 


where q is the charge of the species, n is the density, in 


particles / volume, and Vij.mai iS given in equation (4). 
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The net current density is dependent on many different 
parameters. The temperature of the ambient and energetic 
distributions, plasma density, velocity of the spacecraft in 
the plasma, percentage of projected area that is dielectric, 
materials from which the dielectric surfaces are made, and 
whether the satellite is in sunlight or eclipse, are all 
factors in determining Jes 

Additional sources of current come from secondary ion 
emission, movement of the satellite across local magnetic 
fields or relative to the ambient ion population, ions from 
satellite outgassing, and induced current flows from high 
differential potentials. These are usually minor effects 
that will be Donerede [Ref 1, p- 2-1, Reet 247 oor 

Equation (5) describes a delicate balance between 
different mechanisms that contribute to the surface charge 
of a spacecraft. In turn, “each of the contributions sco 
will be examined. 

1. Ambient Current Density 


Current density equals the charge multiplied by the 


flux. The flux is found when differential energy flux is 
integrated over the applicable energy range. The flux is 
given by 


(7) ®= [[[f( -( FA) ae 
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where the f(v) is given by 





The particles incident on the surface area from non- 
normal angles is accounted for in the (v - n) term in 
equation (7) [Ref 22]. Using spherical coordinates, the 


flux in velocity space can be expressed as 








(8) @ = 7 fT ) i 7 [oe (3 i=) v> cos@ sin@ d¢@ dé dv. 
Ziti 
G@iesangular integration gives a factor of ™. By using the 
relationship E = 4mv’, the integration can be done over the 
distribution function energy range. This gives 
iD: 
- Malye E =ilges | 
(9) a KT [oe es OE, 
2mm Emin 


The flux is the integral of the differential energy flux, 
J(E), integrated over the energy range. The differential 


energy flux is 


SG, 





2. Secondary Emission Current Density 

Electrons incident on a spacecraft surface can 
undergo anyone of three interactions, reflection, 
backscattering, and secondary emission. Reflection of 
electrons 1S a extremely low energy phenomena, generally 
found at energies below 10 eV, and can be neglected [Ref 
ao. 

When low energy electrons collide with the satellite 
surface, they quickly come to rest. The energy from the 
incident electrons becomes available and may be absorbed by 
bound electrons. If this energy is sufficiently high, one 
or more electrons may be ejected from the surface material. 

Secondary electrons will be ejected at a low energy, 
generally with an energy below 50 eV. More than 80% of all 
secondary electrons have energies below 20 ev [Ref 30, p. 
163 to 189]. A secondary "yield term, attri beeeames 


Sternglass (1950), is material and ambient flux dependent. 





E 1/2 
7.48 | 


secondary max E 





(11) oT eae! 
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where E is the energy where yield 


MAX 


is the greatest 


secondary 


and 0,,, is the secondary yield at E,,,.- Table 2 shows 


max 


secondary emission properties for various spacecraft 
trmeortals {Ret 23, p- 41, Ret 25, p- 123, Ref 26, 493 to 


499, Ref 27]. 


TABLE 2 


Gold 
Oxidized Aluminum 


Sime Lconm Dioxide 


Aquadag 


Teflon 


ee 


Belg@eee lt se shows sa Graph of the secondary electron 





yield for kapton as a function of the incident electron 


energy. 
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The figure is typical for most spacecraft materaaes 
The maximum yield on the curve, usually from an incident 
electron at a few hundred eV, resultS in more than one 
electron ejected from the surface. 

In the figure, secondary emission electrons 
outnumber incident electrons between 50 eV and 1 keV. These 
two energies, where the secondary yield is one, are known as 
the lower and upper crossover energies, respectively. If 
the ambient flux is sufficiently rich in particles between 
the two crossover energies, more electrons will leave the 
surface than are deposited, J,.cchanvemee ane ee 
spacecraft will charge positively, typically a few volts 
Dosti ver 

The upper crossover energy suggests the threshold 
energy effect. When the electron distribution function 
contains sufficient high energy components and of sufficient 
energy to balance the out-flux of secondary electrons, the 
satellite potential will become negative. Therefore, the 
temperature of the ambient electron distribution will be 
instrumental in the determination of the spacecraft 
potential. The energy at which balancing occurs is known as 
the threshold energy and is the start of negative charging. 

The threshold energy will vary among spacecraft 


because of geometry and dielectric materials, but lies 
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=SMISSION YIELD (5) 


SECONCAARY 


within the 10 to 20 koVeband [Ref 26, p- 


p- 169 to 175]. 
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Figure 17 


fRef 26] 
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493 to 499, 


Ref 39, 
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3. Backscattered Current Density 

The ambient flux electrons have different kinetic 
energies. As electrons hit the satellite surface, some 
reflect, others cause secondary emission, still others are 
backscattered. Backscattering is primarily elastic 
collisions (coulomb scattering) of the incident particles 
with the surface atomic nuclei. Low-energy electrons are 
deflected into a wide scattering cross-section. The 
responsible mechanism is complicated, but a useful model for 
backscattered electrons is {Ref 25, p. 104 to 105, Retezee 


p. 1969 °to 172 


a 05 - eG 

(12) YlCIG ,.ereagnence = Gog. [2-0 S EF | ( B + 2s 

B is given by 
Zw) 
ce) Bp = 10.0 [1.0 - (£10 ) (0.037-2) 
e 

where E is energy in keV and Z is the effective atomic 
number. This formula is good for incident electrons with 
energy 2 50 eV. Incident electrons with less energy are 
counted along with secondary emissions. Figure 18 shows how 


the backscatter emission curve determines the backscatte: 
flux for a Maxwellian distribution with T = 7.7 KeV  sanaeaeee 


0.15 cm”. 
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Two transcription errors were noted in References 23 
and 25. The exponential term in B was not raised to a 
power, and the 0.05 was written as 0.5. This could have 
resulted in a very slight under-calculation of the 
backscattered flux between 100 and 500 eV in the referenced 
work. 

4. Photoelectric Current Density 

When photons are incident on a spacecraft, electrons 
are ejected from the surface, provided that the energy of 
the photons is greater than the electron binding energy of 
the surface molecules. Typically, the photon energy 
spectrum is higher than the threshold energy or work 
function of the material. The photoemission electrons, 
therefore, have an energy spectrum (1 to 15 eV) that 
modulates with the photon spectrum, but is lower by the 
threshold energy. Saturation current densities range up to 
Aa mo 

The wavelength of the incident photons is inversely 
proportional to their energy. Figure 19 shows a comparison 
of the solar flux to photon wavelength, and the resultant 
photoemission yield. AA of 104 A corresponds to a photon 
encrgy Of 1.2 eV, 3-102? A to 4.1 eV, and 10? A to 12.4 ev. 
For tungsten, incident photons 2 10 eV eject an electron 1% 


~ 25% of the time [Ref 31]. 
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mable Ss list omsaturaigon Gurrentedensities for 
spacecraft materials, mean kinetic energy upon ejection from 


the surface, and the electron density next to the ejecting 


surface. 
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Table 32 summarizes computed photoemission values for typical 


spacecraft materials [Ref 30, p. i63)2eul2g ae 


TABLE 3 


Material Saturation J 
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5. Energetic Current Density 
The energetic current density is that portion of the 
electron spectrum which is no longer well-described as a 
Maxwell-Boltzmann distribution. We use the term energetic 
here to signify that the differential flux component comes 


from a power law distribution, which begins at approximately 
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4Q keV for data considered here. The distribution function 
PemorOoportional to (5/EB,)i*, whesesao5 typically 4 to 6. In 
wetecase, * = 5 (this gives a tlux that in proportional to 
E-). The flux is found when differential energy flux is 


integrated over the applicable energy range. 


(7) ®= [ff[F(v) -( #8) wv 


Now £(v) 1s given in terms of energy by 





3/2 ° 
~ 7 m £ 
(14) £(E) =n —— | me 
Ae Caer es 
ime ALStribution function is given in terms of energy. The 


mass iS m, gq is the charge, EB, is the minimum energy for the 
Seseribution function, in eV [Ref 13, p. 5568 to 5578, Ref 
22]. The normalization is such that n =//!/ £(E) when done 
Perth lamits E = E, to infinity. 


Inserting the distribution function into equation 7, 


and using the relationship E = mv’, the integration can be 
done over the distribution function energy range. The upper 
mime Of integration is inftnity.™Since the distribution 


function tail asymptotically approaches zero, the 
contribution from the upper limit is zero. Therefore, the 
energetic flux is primarily determined by the lower limit of 


integration. 
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Inserting equation (16) into (7) Gives 








~ 
5) =n Hod i Eo) cls 
2/2 IM Emin By Eig 


As with the ambient differential energy flux (equation 11), 


the energetic differential energy flux is given by 








E 
(16) baos) = Goa el a 


To summarize, the positive contributions to the net 
current density (positive is defined as into the satellite 
surface) are the ambient flux, which is the Maxwellian flux 
from 0 to 40 keV, and the energetic flux, which accounts sie. 
the energetic electrons above 40 keV. Countering the 
positive flux are the secondary, backscatter, and the 


photoelectric current densities. 
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Table 4 gives an order of magnitude comparison of 
which current densities are important and which mechanisms 


can be ignored. 


TABLE 4 


CURRENT DENSITY SOURCE FLUX (e/m‘s) J (pA/m’) 


Ainipntnt Race 0 ake) SP.) bre ees .48 


Energetic (P > 40 keV) xen O- 


Secondary Ge 0 * 2216 


Photoemission tos <x Fo 





The largest contributor to the net current density 
is the photoelectric term, by approximately two orders of 
magnitude. When the spacecraft is in eclipse, however, the 
ambient flux provides a net accumulation of electrons to the 
surface, and the vehicle would charge negatively. This is 


Closely followed by the secondary emission current density. 


A5 


The distribution function used here is for a hot 
plasma distribution, where the temperature is higher than 
for a quiet day. During quiet days, when the ambient and 
energetic fluxes would be lower, the sum of the secondary 
and backscatter terms would be closer to the positive 
fluxes. This would allow the net current density to self- 
balance, precluding large negative potentials from forming. 

The effect on the potential from the net flow of 
charge to the surface of the spacecraft is clearly shown in 
Figure 20. On 20 September, 1974, ATS 5 and ATS 6 were 
immersed in the same plasma, and both charged to similar 
negative potentials, prior to the active experiments which 
were the focus of this work. An experiment on spacecraft 
potential modification was conducted with the electron 
source on ATS 5. The electrons came from a filament source, 
from ~ 0632 to 0635 [Ref 38, p. 527 to 532]. 9erier eo ee 
and after 0635, ATS 5 and ATS 6 charged to the same 
potential. 

This shows that although surface material 
characteristics are important (e€.9g., secondary yi-loe 
variations between these vastly different vehicles did not 
lead to greatly different potentials in eclipse. Hence, 
Simple assumptions about yield terms, such as assigning 


"typical" values for glass or aluminum are not unreasonable. 
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C. Deep Dielectric Charging 


Energetic electrons lie in the high-energy tail of the 
electron distribution function. As the average temperature 
of the distribution increases, the number of high energy 
particles increases, and so does the likelihood of deep 
dielectri@echargiumg 

In 1976, a new charging mechanism was proposed in which 
high energy electrons imbedded themselves in dielectric 
materials [Ref 36, p. 237 to 246]. This mechanism, deep 
dielectric charging, becomes important when the ambient 
electron distribution function has a high-amplitude high- 
energy tail. Through secondary and photoemission, or solely 
through secondary emission in eclipse, the surface layer can 
become electron depleted. This, in turn, creates large 
electric fields within the dielectrics as shown in Figure 
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Figura 21 


[Ref 37] 


48 


Vic Hem Opelayer 26 “hole ryien, the electric fields 
that are produced are on the order of 10° volts per cm. As 
time increases from minutes to hours, the potential will 
draw electrons within the dielectric toward the surface. 

The consequence of "energetic electrons" in the 
distribution function is deep dielectric charging. 

Important results of deep dielectric charging are energy 
Meeesition prefiles, radiation-inducedsconductivity, 
localized formation of strong electric fields, and formation 
of potential barriers. 

The build up of charge within the dielectrics is 
governed by two competing processes, the rate which charge 
is deposited, and the rate which it leaks out. The net 
charging rate can be modelled by considering the dielectric 
to be a one-dimensional slab of thickness d. If the current 
density entering is J, and J, is that which exits the 
dielectric, then the divergence of the current density is 


pierorimately (J, - J,)/d. The continuity equation 


7) oe Stim Sinai. 


Cry 


can then be used to model the net rate of accumulation. 
Equation (18) shows the mechanism for the net buildup of 
charge, but does not include surface conductivity effects, 


as modified by radiation. 
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Solving the continuity equation for charge sdensity asm 
function of time , assuming no charge at t = 0, as would be 
the case when the spacecraft environment is calm and there 


is photoemission, gives 


(18) P(E mee = aaa lll as 


These simple equations show that the time constant T = 
€/O. For glass, T is many hours since deposited electrons 
will remain practically forever. 

1. Radiation-induced Conductivity 

The conductivity in equation (18) is a free 
parameter in the charge balance equation. The conductivity 
of the dielectric can be altered over time by a phenomena 
known as radiation-induced conductivity (RIC). This effect 
varies with the depth of the material, and is confined 
primarily to the surface of the dielectric. The effects of 
RIC will be discussed below. First the electron deposition 
process must be considered. 

2. Energy Deposition Profile 

The energy deposition process is a complex mixture 


of elastic and inelastic collasions, scattering, and 


material penetration, as described by scattering theory [Ref 


32, p. 2-1, 2-2]. Figure 22 shows the deposition depres 


electrons in silicon glass as a function of the incident 
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pew encle energy, [Ref 35, p. 123))-m@ The significance is that 
for a 12 mil (0.03 cm) cover cell, electrons from several 
hundred eV to approximately 225 keV will deposit themselves 
within the dielectric. Electrons with higher energies will 
pass through and enter the spacecraft body. At the low 
energy limit (10 keV) electrons reach approximately 1.5 x 
10°° cm, or 1.5 ft into the material. We take this as being 
the minimum energy limit for charge deposition. Electrons 


deposited at lesser depths will flow rapidly along the 


surface. 
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The effective conductivity of the dielectruGeuses 
combination of the intrinsic conductivity G.9o9 eee 


radiation-induced conductivity O,p;,, and can be expressed as 


(ako) O effective - 0; q Srrec 


[Ref 33, p.- 2282]. Radiation-induced conductivity sean 


modelled by 


where K is the coefficient of RIC, and ais a material 
dependent parameter. Although theory predicts that both are 
constants and are independent of type and energy of the 
radiation, there is disagreement on their empirical values. 
O is frequently found to lie within 0.9 to 1.1, and can be 
taken as 1.0. K lies within a greater range of minimum and 
maximum values, hence introduces greater uncertainty into 


equation (20) than does a. 


az 


Table 5 lists maximum and minimum values for typical 
spacecraft dielectrics. Units are 107° sec/(Q cm rad) [Ref 


34, p. 580]. 


TABLE 5 
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The dose rate in equation (20) is given by dD/dt, 
and is the rate at which energy is deposited into the 
material, in units of rads per second. A rad is defined as 
100 ergs per gram. The dose rate consists of three parts, 
the collision stopping power, the specific thickness, and 
meecrdent flux. 

The collision stopping power (CSP) is a measure of 
how far into a material electrons will penetrate as a 
Pmimect ton of their incident energy and the thickness of the 
Meterial. By dividing the CSP by the density of the 
material, the CSP becomes independent of the material and 
comparative analysis can be performed. At low energies, the 


CSP measure loses its usefulness, and ceases to be 


Sie: 


Collision Stopping Power (MeV cm*/qm) 


meaningful at eneryies below several hundred eV [Ref 35, p. 
20). The units of CSP are MeV-cm’? / gm. Figure 23 shows 
CSP as a function of the energy for borosilicate, "pyrex" 
corning 7740 glass, density = 2.23 gm/cm*®. This is similar 


to the material used for solar array cover cells. 
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Figure 23 
[Ref 35] 
The dose profile ina low atomic number (low-Z) 


material is directly proportional to incident kinetic 
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energy. By defining the incident thickness in terms of e 
/com’-MeV, the dose profile will be independent of the 
particle’s incident energy and the nature of the material. 
This thickness is defined as specific thickness (T,), and is 


given by 


(21) T wo sana iis a 


where f, is the weight fraction of the ith element of the 


material, and is given by 


_ 4, A; 
a” 2 re 
a M4 


and where the parameters are defined as: 


- 9 = material density (gm/cm’) 

- x = depth in the material in cm 

- N, = Avogadro number 

- T = 2 energy in Mev 

- A = Atomic weight 

- n, = number of atoms in the ith element of the material 


Mees ancident differential energy flux is calculated from the 


plasma parameters in units of e/(cm* s ster MeV). 


) 


The front surface dose is found by multiplying the 
differential energy flux with the CSP. The dose profile in 
a low Z material is calculated by finding the front surface 
dose and then modulating it with the curve in Figure 24. 

The dose rate is then calculated by integrating the dose 
profile over the applicable energy range. 

Figure 24 plots the incoming flux, or relative dose, 


against specific thickness (T,). 
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Figure 24 


[Ref 32] 
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Lf theysaturataom electaac wield at any time exceeds 
the dielectric breakdown threshold, as modified by RIC, 
Sarge re-distribution or arcing swill occur. 

Using a teflon sample (d = 10 mils), a breakdown 
threshold of 10’ coulombs/cm’? and a discharge time of 
roughly 50 nanoseconds, peak structural currents (geometry 
dependent) can range from 1 to 10 amps [Ref 33, p. 2281 to 
2284]. The use of teflon, a dielectric material, is for an 
order of magnitude picture of the peak currents that can 


wecuz. 


D. Potential 

The overall charge of the spacecraft determines the 
potential. The charge density on the spacecraft is 
determined by the net current density, as shown in equation 
(5), integrated over the appropriate time interval. We 
tacitly assume the currents are constant over the periods of 


integration. 


—) —> 


iS) eee Seat Arercerie” secendary” pbackecatter Tony 


For the two different charging mechanisms identified, 
surface and deep dielectric charging, the appropriate time 


constants are very different. 
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For surface charging, the time” peri¢G@e, waren > 
appropriate are typically a second or less. This is because 
the relatively small capacitance associated with satellite 
potentials can lead to significant charge buildup (changes 
in potential) within a millisecond time frame. If the 
satellite is near equilibrium, the net current will be 
small, and it should be possible to estimate the net charge 
density accumulated in one spin period by taking the 


currents to™be™constant® over thatereenmear 


| [72 ~ = = = . 
(23) G/M? sure = (Jamp7 Jpnoto/ 2- Jeea “pal 12 alan 


Sunlight shines on approximately 20% to 25% of the 
spacecraft surface at any given time, depending on the 
vehicle geometry. The spin time for a satellite can range 
from less than a second to about one minute per revolution. 

In deep dielectric charging, the charge density comes 
from the energetic current density. Therefore, the 
deposition of charge is dependent on the energetic tail of 
the distribution function. This gives a net deposit temeen. 
charge into the dielectric material over long periods of 
time, that is minutes to hours. 

The deposition of charge into the dielectrics will occur 
slowly, but can eventually become significant if the 


resistivity is high. Hence the charge distribution sean 
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Similar to that induced with shadowed differentially charged 
surfaces [Ref 40, p. 6809 to 6819]. 

A potential barrier around the spacecraft can form and 
grow large enough to suppress low-energy secondary and 
photoemission electrons. These electrons are returned to 
the spacecraft and help maintain a negative potential, even 
in the presence of sunlight. This is the process generally 
invoked for daylight negative potentials for satellites with 
insulating surfaces [Ref 28]. This development of 
differential potentials, or the buildup of trapped charge is 
a Slow process, usually on the order of five to ten, or 
feme, Minutes [Ref 8, p. 5657 to 5667]. It 1s possible that 
deep dielectric charging could also lead to barriers, and 
also provide a mechanism for daylight charging [Ref 23]. 
This is what we want to study further. 

If we take the potential of a spacecraft to initially be 
zero, then in one spin of the vehicle the surface charge 


density, oO develops from incident sunlight. Can enough 


photo! 


charge be trapped so that 


J Cin > aG 


(24) 5 | = { | 
deposited SOE energetic 


photo 


If so, we can imagine that a surface starting at »? = 0 will 
at some point develop a net charge which can not be balanced 


by photoemission in one spin period. 
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BE. Summary 

Lower energy ambient flux is responsible for surface 
charging. This phenomena occurs in eclipse, when the 
photoelectric emission is blocked. Surface charging appears 
in a very short time span (Tt < 1 second), charges uniformly 
to several keV, and returns rapidly to equilibrium potential 
when photoemission is restored. 

A second mechanism, deep dielectric charging, occurs 
when there is an energetic tail on the distribution 
function. These energetic electrons bury themselves into 
the dielectrics covering the satellite surface. Movement of 
the electrons out of the dielectrics is slow (T can range 
from seconds to several minutes). If a buildup of charge 
exceeds the breakdown strength of the material, electrical 
discharges may cause anomalies in satellite systems. 

Associated with deep dielectric charging is the 
formation of potential barriers. Upon entering sunlight, 
photoelectrons emitted from the satellite surface are not 
energetic enough to overcome the potential barrier, and are 
returned to the satellite, thus maintaining the negative 
charge. Negative potentials in the range of several hundred 
volts will remain until the charge buried within the 


dielect rie vcan leah seurr 
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IV. RESULTS 


A. ISEE J-Observed Integral Flux 
1. Ambient Differential Energy Flux 

Comb ieliaren, 1978 (day 76), ISEE I @transited 
geosynchronous altitude during a period when high energy 
electrons fluxes were observed. ISEE 1 moved through the 
plasmasheet and was observed to charge to at least -70 volts 
foesunlight. Thestime of maximum charging, near -100evolts, 
was at 0300 LT. Another geosynchronous satellite, ATS 5, 
was orbiting through the same plasma environment at local 
mramight, and charged to -6 kV in eclipse. The indication 
of charging on ATS 5, indicates that the plasma environment 
fermen sufficiently hot for spacecraft charging [Ref 13, p.- 
moo to 5578). Recall that ATS 5 and ATS 6 are two vastly 
different satellites, but charged to similar potentials in 
eclipse (Figure 20). 

Instrumentation on-board ISEE 1 included two 
electron detectors, the University of Iowa LEPEDEA, and the 
Medium Energy Particle Instrument, or MEPI. The LEPEDEA 
detector data was taken from the radial direction, a 6°x 
38°solid angle. The telemetry for this data covered the 200 


ev to 45 KeV energy range in 32 steps [Frank et al., 1978]. 
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The MEPI covered the 20 to 1200 KeV energy range 
with eight channels. The detectors provided an angular 
resolution of 10°x 45° with a geometric factor of 10) sem 
ster [Williams et al., 1978]. 

Figure 25 shows the distribution function recorded 
by ISEE 1 on day 76. There are three distinct segments to 
the distribution function that were observed. The low 
energy segment of electron distribution function was 
measured from a few hundred eV to one kev. The average 
temperature was 314 eV and the plasma density was 0.25 cm”. 


Figure 25 shows the electron’distribut@en functven. 
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The second electron population can also be described 
as a Maxwellian distribution. The average temperature of 
this group of electrons is 7.7 keV and the density is 0.15 
cm’. The data was collected over an energy range of 4 to 
36 keV. There is a boundary between the two Maxwellian 
distribution functions at 1.7 kev. The values recorded for 
the energy spectrum below 40 keV are typical of the plasma 


found in the plasmasheet. This data is plotted as a series 


of "+", and labelled "low" and "mid" in Figure 26. 
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Figure 26 
Above 40 kev, the MEPI data is plotted with "X", and 
igs labelled "energetic". The energy spectrum follows an 


inverse power law distribution and is approximately 
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proportional to an EE“ distribution function. To Smeoems, 
connect the mid-Maxwellian and the energetic distribution 
functions, an energetic density of 0.002 cm * was fitted. 
This fit agrees with the previous work done [Ref 23]. 
2. Secondary Electron Differential Energy Flux 
The secondary electron flux produced by this 
distribution function is shown as a function of incident 


energy in Figure 27. 


oecondary Electron Differential Energy Flux 
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Figure 27 
The majority of the electrons emitted result from the 


differential energy flux below approximately 2 keV. This is 


because the peak of the secondary yield curve is between 300 
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and 400 eV. This corresponds to the Beak in the low energy 
segment of the incident flux (Figure 26). The flux due to 
secondary emission is higher than the ambient flux. For 0 
moel.5 kev, the peak incident flux is 1 x 10° e/{cm* s sr 
keV) and the peak outgoing secondary flux is 4 x 10° e/ (cm? 
sesr kev). 

This reflects the fact that the low energy segment 
of the differential energy flux is between the first and 
second crossover energies for this satellite material, as 
seen in Figure 17. This shows that for low energy electrons 
in the ambient differential energy flux incident onto the 
spacecraft surface, the secondary yield differential energy 
flux over-balances the incident flux. 

3. Backscattered Differential Energy Flux 

The backscattered differential energy flux is 
directly dependent on the incident ambient differential 
energy flux. The particles that are emitted from the 
satellite surface below 50 eV are included in the 
calculation of the secondary yield differential energy flux. 
The two Maxwellian components to the distribution function 
both contribute to backscattered electron flux. Figure 28 
shows the backscattered differential energy flux, as a 
function of energy, for the ISEE 1 spectrum. The 
backscatter flux 1S an order of magnitude below the ambient 


differential energy flux. The peaks in the backscatter 
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curve correspond with the peaks in the incident spectrum 


because the yield curve is relative flat. The net effect of 


backscattering is to reduce the net current due to the 


ambient (0 to 40 kev) electrons by a factor of 10% to 20%. 
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Figura 28 


For more energetic electrons, the influence of 
surface atom interaction will decrease and they will be more 


likely to bury themselves into dielectric surfaces, as shown 
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ain Figure 22. The remaining calculations, EHOEeO xe, are 
associated with correctly determining the deposited charge. 
To do this we need to determine the radiation-induced 
Songuctivity- 
A. Radiation-Induced Conductivity 

Incident solar radiation onto dielectric materials 
on spacecraft surfaces will, over time, cause the RIC of the 
surface to change. The change in conductivity directly 
effects the rate at which charge that enters the dielectric 
material when energetic electrons bury themselves, leaks 
out. This, in turn, helps determine whether enough charge 
can build up in the dielectric to surpass the dielectric 
breakdown threshold and cause an electrical discharge. The 
energetic portion of the differential energy flux is shown 
meme agure 29, in units of e/({cem* s MeV), from 10 to 200 kev. 

Calculation of RIC requires a calculation of dose. 
Maes 1s done by convolving the energetic current density, 
J(E), the collisional stopping power (Figure 23), and the 
specific thickness curve (Figure 24) to obtain the 
differential dose rate (gm sec)’. Integrating the 
differential dose rate from 10 to 450 keV gives the dose 
rate in MeV/(gm sec). Figure 30 shows a graph of the 
penetration depth, in cm, of energetic electrons as a 


meet lon of the incident dose rate. 
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The figure shows an overlay of different energies 
and how far into the dielectric material they penetrate. 

The lowest energy was 10 keV and the highest was 450 kev. 
The dielectric material used for this graph was borosilicate 
glass. An upper bound of 230 keV was used as it is the 
maximum energy incident onto a .03 cm solar array cover cell 
that will deposit itself into the material. Higher energy 
electrons will pass through the cover cells and into the 
body of the spacecraft. 

The integrated dose rate for the 0.03 cm dielectric, 
is ~ 0.06 rad/sec. Multiplying this dose rate by the 
largest value in table 5 (k,.. = 107*° sec/(Q. cm rad) gives 
Gare = 6 x 107° (OQ cm)“. The value oO=M Ror nee eee 
glass is 1 x 10°? (QOgemje Sihet 40 see ee 
conductivity change from radiation 1s ~ two orders of 
magnitude below the intrinsic conductivity o2eeae 
dielectric. This shows that RIC is an minor factor in the 
overall deposition of charge and, for the purposes of this 
thesis, RIC can be aigmnored: 

5. Surface Charge 

The distribution function for day 76, as Shown 
Figure 25, was used to calculate the flux components through 
the satellite surface. Table 6 shows the flux components 
and their respective contributions to the net flux. The 


table is organized as follows. The ambient flux is divided 


TA 


into three components, the low, mid, and sieteeee energies. 
bumming Sach contribution gives the ancident flux. That 
flux which is produced from secondary emission is labelled 
secondary flux. The backscatter flux is made up of two 
components, the low and mid energy fluxes. The net flux is 
the incident flux minus the sum of the secondary and 


backscattered fluxes. 


TABLE 6 


ERS ee ee eas 


Pile iP ekeV & <a keV 


eo i a 


rote leincadent Flux 29.4 
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Net Flux 





The ambient current is .47 PA/m*. The energetic 


fuz alone contributes a current density of 0.022 A/mm’, a 


ipak 


very small part of the total. Combining the secondary and 
backscatter fluxes gives the amount of flux that leaves the 
surface. The current density J leaving the surface is 
Trackscatter + segondaryr = +306 PA/m’. The mets current ducwa@ommums 
ambient electrons is approximately 0.16 HA/m’ negative. 
Hence, a glass surface in shadow should charge negatively. 
The photoelectric saturation current density from Table 4 is 
nominally 21 wA/m’. This shows that when the satellite is 
in sunlight, the current density from incident photons is 
two orders of magnitude higher than the current due to the 
plasma. Therefore, whenever the satellite is in sunlight, 
the amount of charge that leaves the surface is greater than 
that deposited, and the potential of the vehicle should be 
positive. 

If we make the assumption that the satellite exits 
the midnight to dawn sector with a vehicle potential close 
to zero, then the potential will become positive from 
photoelectric emission in the absence of a warm/hot plasma. 
The ISEE 1 period of rotation is three seconds. This means 
that while in sunlight, approximately 20% to 25% of the 
vehicle is in sunlight. Using equation (24) and a spin 
period of three seconds, a net charge of 12.7 uC/m’ leaves 
the spacecraft surface each period. This effect dominates 
the other mechanisms and is responsible for maintaining the 
potential close to zero in the absence of an energetic 


piasma. 
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6. Deep Dielectric Charge 

There is an additional aspect of the charging 
process that must be considered. Energetic electrons of a 
few keV and above began to bury themselves into the body of 
the dielectric, where they become trapped. This buildup of 
charge within the dielectric can develop over an extended 
period of time, and the associated electric fields may 
surpass the breakdown dielectric strength, typically on the 
Seger of 10° V/em [Ref 34, p. 569 to 591). For a 0.03 cm 
cover cell, the potential threshold can be as low as 3000 
volts negative, but is more likely to be higher. This has 
been the focus of previous studies of deep dielectric 
charging such as the one by Reagan [Ref 21]. This charge 
deposition has another consequence, however. 

Consider the time for the spacecraft to move through 
the eclipse to be one hour. The deposited charge which 
results from the "energetic" portion of the spectrum depends 
on the lower limit in the integration of J(E) over E. 
Previous work at the Naval Postgraduate School focused on 
En,in = L100 keV. If the lower limit is reduced, a wider 
energy range iS included in the integration. This 
substantially increases the energetic current, and hence the 
deposited charge. 

Figure 31 shows J(E) integrated over energy from E,,, 


to infinity. The data used for the calculation are from 


a3 


Figure 26. Again, ISEE 1 was passing through geosynchronous 
altitude at 0300 LT [Ref 13]. By varying the VYower images 
integration, the current density inversely increases. The 
vertical“axis is"the result of qs /S*Ut(EyitGEe ee oe might 
expect, the bulk of the current contribution comes at the 


low end of the energy spec teum- 
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The question, then, 1s how much charge can be 
deposited over the period of interest. Figure 31 determines 


the time period for the ISEE 1 satellite to Charg] Via 
proposed mechanism. Conversely, taking one hour as the 


period, then the charge is proportional to the flux and will 
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range from ~ 180 UC/m* down to ~ 20 ene. These numbers 

are comparable to, or larger, than the net charge which is 
emitted as a result of photoemission in a spin period. This 
differs substantially from the previous result [Ref 23] 
where the low energy limit was 100 keV. This shows that the 
recommendation for further calculations at lower energies 
was correct. Note that the energy range (10 to 30 keV) not 
Paeluded here, will also contribute, though surface 
conductivity will render these less deeply buried electrons 
ineffective for long time scale processes. The inequality 
in equation (24) is satisfied, indicating that the mechanism 
proposed for the development of differential charge on ISEE 
1 satellite should be viable. 

The ISEE 1 charging event was nearly unique for this 
vehicle. The reason appears to be that the energetic 
electron flux was relatively high on this day. Data from a 
second satellite provides selected examples of events with 


very high fluxes of energetic electrons. 


B. SCATHA 

fea Casals, s=wEvevyed the near—-geosynchronous SCATHA 
data set and identified the peak energetic flux events [Ref 
21). Figure 32 shows all of these high flux days. One of 
these large events was on 29 August, 1979. The data was 
recorded by the P78-2 SCATHA satellite, which was at 6.5 R,, 


teesunliight, and at 0230 LT. The differential flux, as 


> 


shown in Figure 32 for day 24la, was used here. This 
energetic plasma was then compared to day 76. The energetic 


current density integrated from 40 keV to 1 MeV gives 


Tenergetic = 0.235 PA/m*. Figure 33 shows the calculationemaes 
Jenergetice The energetic plasma of day 24la provided S tame 
more current than observed on ISEE 1. Such fluxes would 


cause substantial charge deposition in 5 to 10 minutes. 

This implies that although high, the ISEE 1 fluxes were 
not record setting, and that deep dielectric charging could 
become important on a time scale of ~ 10 minutes. Note that 
on day 24la, the electron flux is very high from 4 to 40 
keV. This energy range is responsible for both deep 
dielectric charging and subsequent surface charging in the 
SCATHA survey. Figure 34 shows the SCATHA potential on day 
24la plotted against time. This event was one of largest 


recorded on SCATHA. 
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V. CONCLUSIONS 


Spacecraft at geosynchronous altitude encounter 


energetic plasmas as they move through the plasmasheet. 


These hot plasmas can effect satellite functions. EMPs 


induced in spacecraft electrical systems can cause data 


upsets, system resets, and even system failures. 


Traditional charging studies focused on the nearly 


instantaneous processes found in eclipse [Ref 7], and 


daylight charging processes with time constants of minutes 


[Ref 17, Ref 8). This work has shown that deep dielectric 


charging, which occurs on time scales of many minutes, may 


also be significant 

Deep dielectric 
fupction of che hot 
temperature exceeds 


energetic electrons 


fommdaylight emuargamg:. 

charging, occurs when the distribua@aae 

plasma contains electrons whose average 
about 10 keV. This mechanism deposits 


deep within the dielectric materials on 


the satellite surface. The charge deposited within the 


dielectric remains stationary, leaking out over a period of 


many hours. This buildup of charge within the dielectrics 


is independent of the other processes involving the surface: 


The critical question is, if more charge can be 


deposited in an hour or less than emitted from the surface 
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in one spin of the satellite, will an isolated segment of 
dielectric develop a net negative charge? 

Records from very energetic plasmas were examined. Data 
from ISEE 1 daylight negative potential event and the record 
daylight event for SCATHA were studied. The ISEE data 
showed that if 40 to 250 keV electrons are considered, 
sufficient charge is deposited in an hour to result ina net 
negative charge. The five times higher fluxes observed on 
SCATHA would reduce the charging time scale to a few 
minutes. 

Deep dielectric charging is important and may determine 
the daylight potential behavior of geosynchronous 
satellites. In particular, it may provide a charging 
mechanism for rapidly spinning satellites, which do not 


otherwise have the tendency to differentially charge. 
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VI. RECOMMENDATIONS 


Follow up work should focus on the mechanism by which 10 
keV to 200 keV electrons bury themselves into dielectric 
materials. Modelling of the process would produce numerical 
values that should be compared to recorded charging events 
and the attendant electron distribution function. The 
speculation that deep dielectric charging will lead to 
daylight negative potentials needs to be studied via 


mode | lainge 
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